Abstract During early brain development, microglial activation can negatively impact long-term neuroimmune and cognitive outcomes. It is well-known that significant alcohol exposure during early gestation results in a number of cognitive deficits associated with fetal alcohol spectrum disorders (FASD). Additionally, microglia are activated following high levels of alcohol exposure in rodent models of FASD. We sought to examine whether moderate prenatal alcohol exposure (70 mg/dL blood alcohol concentration) activates microglia in the fetal rat brain, and whether moderate fetal alcohol exposure has long-term negative consequences for immune function and cognitive function in the rat. We also measured inflammation within the placenta and maternal serum following moderate alcohol exposure to determine whether either could be a source of cytokine production in the fetus. One week of moderate prenatal alcohol exposure produced a sex-specific increase in cytokines and chemokines within the fetal brain. Cytokines were also increased within the placenta, regardless of the sex of the fetus, and independent of the low levels of circulating cytokines within the maternal serum. Adult offspring exposed to alcohol prenatally had exaggerated cytokine production in the brain and periphery in response to lipopolysaccharide (25 μg/kg), as well as significant memory deficits precipitated by this low-level of inflammation. Thus the immune system, including microglia, may be a key link to understanding the etiology of fetal alcohol spectrum disorders and other unexplored cognitive or health risks associated with even low levels of fetal alcohol exposure.
Introduction
Microglia are the innate immune cells of the brain, which respond to insults and injury via the release of immune molecules such as cytokines and chemokines. Their primary goal is to return the brain to homeostasis following these events; however, activation of microglia can also result in neuronal dysfunction and neuronal cell death through their excessive release of immune molecules. Microglial activation and cytokine production have been associated with a number of cognitive and neurological disorders including Alzheimer's disease (Fassbender et al. 2004; Yang et al. 2014) , neurodevelopmental disorders including autism spectrum disorder and schizophrenia (Estes and McAllister 2015; Monji et al. 2013) , as well as a number of other physiological states and diseases. Alcohol exposure at binge levels can activate microglia in the rodent brain, a novel finding that may have significant implications for the physiological and neurodevelopmental effects of prenatal alcohol exposure (Drew and Kane 2014; Qin et al. 2008) .
Microglial cells in the developing brain are particularly sensitive to even small disturbances in homeostasis . Microglia have been localized to most areas of the embryonic brain in both humans and rodents as early as 8 weeks of gestation and embryonic day (E) 10 respectively (Chen et al. 2008; Rezaie et al. 1999 Rezaie et al. , 2005 . Microglia play a key role in a number of important processes in the developing brain including cell proliferation, dendritic Electronic supplementary material The online version of this article (doi:10.1007/s11481-016-9691-8) contains supplementary material, which is available to authorized users.
spine pruning, and they carry out the clearance of apoptotic cells during early brain development (Antony et al. 2011; Cunningham et al. 2013; Squarzoni et al. 2014) . Given their importance in these neurodevelopmental processes, activation of microglia at this time can have significant consequences for long-term neural function and this has been demonstrated via a number of models of perinatal infection or immune activation (Bilbo and Schwarz 2009) .
There is no question that binge drinking during pregnancy is detrimental to the development of the exposed infants. Fetal Alcohol Spectrum Disorder (FASD) is the leading cause of preventable mental retardation in children, and costs the U.S. billions of dollars each year (Lupton et al. 2004) . In addition to the physical defects that prenatal alcohol exposure causes, these children more often than not have problems with learning, memory, language, and attention, among other health and behavioral problems (Lewis et al. 2015; Mattson et al. 2006; Wyper and Rasmussen 2011) . Despite the vast amount of research conducted on this topic, there is still considerable debate on whether or not any amount of alcohol is safe to drink during pregnancy. A few studies have suggested that low levels or moderate levels of drinking during early pregnancy have no adverse effects on a child health's and neurodevelopment (Falgreen Eriksen et al. 2012; Skogerbo et al. 2012) . In fact, one study suggests that drinking alcohol in moderation during pregnancy may improve children's cognitive abilities and decrease hyperactivity (Kelly et al. 2012) . With the recent findings that alcohol activates microglia in the brain, we sought to determine whether low levels of fetal alcohol exposure during early gestation would result in inflammation within the developing brain, placenta, or the maternal immune system and whether low levels of alcohol exposure would have significant effects on immune function of affected offspring later in life.
Materials and Methods

Animals
Albino outbred Sprague-Dawley rats from Harlan Laboratories (Indianapolis, IN) were used for all of the experiments described below. They were housed in clear polypropylene cages on a 12:12-h light: dark cycle maintained at constant temperature and humidity, and had ad libitum access to food and water. All animals were kept in the University of Delaware's Office of Laboratory Animal Medicine (OLAM) facility in accord with Institutional Animal Care and Use Committee.
Breeding, Treatment, and Blood Alcohol Concentrations
At the beginning of each experiment, female rats were bred individually with males. The presence of a sperm plug indicated day of conception, or E1. Beginning on E10, pregnant females were administered 2 g/kg of ethanol or the equal volume of water (0.5 mL/100 g) between 8 am to 9 am and again 4 h later, between 12 pm to 1 pm. Treatment of the dams was performed using flexible gavage needle (Instech, PA, . In our experience, using these flexible feeding needles for the treatment of rats is extremely safe, effective and produces very little stress for the rats as it requires only brief restraint lasting less than 5 s.
From one cohort of rats, blood samples were obtained from treated dams on E10 via tail snips for subsequent BAC analysis. Blood was collected at 30 min, 1 h, 2 h, and 4 h following the first dose of alcohol or water and again 30 min, 2 h, 4 h, and 20 h after the second dose of alcohol or water. The blood samples were centrifuged (15,000 rpm/15 min) and the plasma was collected and stored at −80°C. Plasma was analyzed for BAC using an Analox GL5 Alcohol Analyzer (Analox Instruments, Boston, MA). The final BACs obtained using this alcohol administration paradigm are shown in Fig. 1a .
A second cohort of pregnant females was treated with this administration paradigm from embryonic day (E) 10 through 16. These dates were selected for alcohol exposure because this is the age at which microglial progenitor cells first migrate into the rat central nervous system from the periphery (Chan et al. 2007; Cuadros and Navascues 1998 ) . We weighed all dams before, during and after treatment in each experiment and found that dams treated with alcohol gained less weight during pregnancy than control rats (E16 weight alcohol vs. water: p = 0.038; Fig. 1b ) and by E20 there was still a significant, though slight, difference in weight between alcohol treated dams and water treated controls (p = 0.015).
Experiment 1: Effect of Low Level Prenatal Alcohol Exposure on Inflammation in the Fetal Brain, Placenta, and the Maternal Immune System
In Experiment 1.1, we examined the effects of prenatal alcohol exposure on the fetal brain by analyzing the mRNA levels of a number of pro-inflammatory cytokines and chemokines using a quantitative real-time PCR (qPCR) array (SABiosciences, MD, 'Inflammatory Cytokines and Receptors,' Cat. No. PARN-001Z). 15 pregnant dams were assigned to one of three treatment groups (n = 5 dams/group): no treatment, 2 g/kg ethanol, or water in equal volume, as described above, twice a day from E10 to E16. Samples were collected from these pregnant dams on E17, 24 h after the last treatment, from each pup including the tail, placenta, and hippocampus/cortex, resulting in six groups, n = 8 pups in each treatment group. For all experiments, including those listed below, no more than 1-2 pups of a single sex were used from each litter within each treatment group to control for potential litter effects. Maternal serum and spleen were also collected from all dams.
Experiment 2: Impact of Low Level Prenatal Alcohol Exposure on the Adult Immune Response to Lipopolysaccharide
Pregnant dams were treated with either 2 g/kg of ethanol or water in equal volume, twice a day. Given that we did not see very striking differences between untreated and water treated controls in our earlier experiments, we did not use untreated dams for these subsequent experiments to reduce the number of animals used in subsequent experiments. The pups were allowed to mature to P90, at which point they were treated with either 25 μg/kg of lipopolysaccharide (LPS) or equal volume saline (n = 8/group). The medial prefrontal cortex (mPFC), hippocampus (HP), and spleen were collected 4 h post treatment to analyze the mRNA levels of proinflammatory cytokines produced in brain regions important for cognition in response to an immune challenge in adult rats previously exposed to low levels of prenatal alcohol.
Experiment 3: Impact of Low Level Prenatal Alcohol Exposure and Mild Adult Immune Activation on Recognition Memory
Pregnant dams treated with either 2 g/kg of ethanol or water in equal volume, twice a day. The pups were allowed to mature to P90, at which point the Novel Object Recognition (NOR) testing began. See below for further details on behavioral testing. All behavioral testing was done in the morning between 8 am to 12 pm.
Maternal Behavior Observations and Weaning
At the time of birth, we found no significant effect of maternal treatment on the size of the litters (t 13 = 0.069; p = 0.79) or the sex ratio of the litters. We also examined pup weight 1 day after birth and found no significant effect of maternal treatment on the weight of either male or female pups (F 3,194 = 0.56; p 0.813) . Offspring were raised with their mothers until P21 at which point the pups were weaned into clear polypropylene cages with 3-4 same-sex, same-treatment rats per cage. At P40, animals were separated into same-sex, same-treatment pair housing and left undisturbed until experiments began.
In Experiment 2, maternal behavior was observed without manipulation to determine whether prenatal treatment would affect maternal care immediately postpartum. On P1 and again on P2, the behavior of each dam was categorized each minute over an hour (10 am-11 am) each day by two observers blinded to treatment group. The behaviors were categorized as either nursing/hovering, licking/grooming, or other (nonmaternal behaviors). The total number of observed behaviors in each category were taken as a percent of the total number of events observed (60 events, 1 per minute) and these were averaged across the 2 days of observation and subsequently compared across groups using an unpaired t-test (alcoholtreated, n = 6 and water-treated, n = 6). On average, new mothers spent the majority of the hour (approximately 70-77 % of the hour) nursing and hovering. We found no significant effect of alcohol treatment on any postpartum maternal behaviors observed [nursing/hovering: t 11 = 0.22; p = 0.827; licking/grooming: t 11 = −0.40; p = 0.69; other: t 11 = −0.07; p = 0.939; Fig. 1c ].
Lipopolysaccharide Injections
Experiment 2 and 3 used lipopolysaccharide (LPS) derived from Escherichia coli 0111:B4 which was obtained from Sigma-Aldrich (Cat. No. L2630). Sterile, pyrogen-free Dulbecco's phosphate buffered saline (DPBS) was used to dilute the LPS to a concentration of 25 μg LPS/mL. Rats were Fig. 1 Intragastric gavage of 2 g/kg ethanol as model of low dose fetal alcohol exposure. a Pregnant dams were administered either alcohol (2 g/kg) or water in equal volume at hours 0 and 4. Blood samples were collected from tail snips at 30 min, 1 h, 2 h, and 4 h after the first dose, and 30 min, 2 h, 4 h, and 20 h after the second dose. This dosage of alcohol elevated the blood alcohol concentration to approximately 70 mg/dl for 8 h. b Pregnant dams were weighed daily throughout gestation. Dams treated with alcohol gained significantly less weight during pregnancy, with significant differences at time points E14 -E20 (at E16, *p = 0.038; at E20, *p = 0.015). c On postnatal days 1 and 2, maternal behavior was recorded over 1 h. There was no difference in maternal behaviors observed between alcohol-treated and water-treated dams treated with an intraperitoneal (i.p.) injection of either 1 mL/kg of LPS (final dose of 25 μg/kg LPS) or DPBS as a control.
Novel Object Recognition Task
Examination of NOR Memory Following a Mild Immune Challenge during a 24 h Delay
In this experiment, we tested the effect of a mild immune challenge on recognition memory using the NOR task with a 24 h delay. This paradigm is similar to what is described in (Ennaceur and Delacour 1988) and (Westbrook et al. 2014) , though with slightly longer habituation trials and different objects. Briefly, rats received two habituation sessions in the chamber (Stoelting Co., 45 × 45 cm, black Plexiglas walls, grey plastic floor) devoid of objects for 10 min each day on Days 1 and 2. On Day 3, rats were placed into the same chamber with two identical objects located approximately 15 cm from the top and left/right walls. Rats were allowed to explore these objects for 5 min. Immediately after the 5 min exploration phase, all rats were injected with either saline (1 ml/kg) or LPS (25 μg/kg) and returned to their home cage. This low dose of LPS produces an acute immune response that we hypothesized would interfere with the recognition memory consolidation, thus increasing the likelihood of memory deficits, particularly in rats that were exposed to fetal alcohol. Twenty-four hours later, the rats were placed back into the same chamber, now containing one of the previous objects and one new object. The objects used in the task were a white, plastic over-the-door hook and a yellow rubber duck, both of which were faced towards the rat as he was placed into the chamber. The test phase lasted 3 min during which time the rats were video recorded (Clover Electronics CM625 with Panasonic PLZ727 lens). The groups tested were watertreated or alcohol-exposed males given saline or LPS (n = 10/group) on Day 3, and water-treated or alcoholexposed females given saline or LPS (n = 10/group) on Day 3. An experimenter blind to the treatment later watched the videos and hand-scored the total time spent exploring either object using a stop watch. Exploration of each object was defined as actively sniffing, pawing at, or whisking with its snout directed toward the object and less than approximately 2 cm away from the object (Ennaceur 2010) . The percent of time spent exploring the novel object was taken as a ratio of the time spent exploring both objects combined (Bdiscrimination ratio^) as described in (Blaser and Heyser 2015) .
Euthanasia, Perfusion, and Tissue Collection
Rats were euthanized via administration of an overdose of the barbiturate Euthasol® (ANADA 200-071) through i.p. injection. Once under heavy anesthesia, a blood sample was collected from each rat via cardiac puncture before being perfused with a cold 0.9 % saline solution via cardiac puncture to remove blood and peripheral immune cells from the brain. Following perfusion, pups for Experiment 1.1 were taken from the dam and the hippocampus/cortex, tail, and placenta was extracted from each pup at E17. In Experiment 2, using adult rats, the whole hippocampus (HP), medial pre-frontal cortex (mPFC), liver, and spleen was collected. After extraction, all samples were flash frozen on dry ice and stored at −80°C for further processing.
Real-Time PCR
Levels of pro-and anti-inflammatory cytokine and chemokine messenger RNA (mRNA) were analyzed using quantitative real-time PCR (qPCR). Extraction of mRNA from tissue samples was done using Isol-RNA Lysis Reagent (Cat. No. FP2302700, 5 PRIME). Using the QuantiTect® Reverse Transcription Kit (Cat. No. 205310, Qiagen) , the samples were subjected to DNase treatment to remove genomic DNA before creating a 1000 ng/μL concentration of RNA that was converted to complimentary DNA (cDNA). In Experiment 1.1, a PCR Array from SABioscience/Qiagen (Cat. No. PARN-011Z) was used to analyze relative gene expression between E17 samples. This array was used in the first experiment in order to examine a broader scope of inflammatory molecules in the fetal brain exposed to alcohol. The quantitative threshold amplification cycle number (C q ) for all genes were analyzed using the realtime PCR machine (BioRad CFX96). The expression of 5 housekeeping genes [beta actin, beta-2 microglobulin, Hypoxanthine phosphoribosyltransferase 1(Hprt1), lactate dehydrogenase A, and ribosomal protein P1] were also run for all samples. We found no significant effects of sex or treatment on the C q value obtained for each of the 5 housekeeping genes. Thus the average of all five C q values was calculated for each sample, and from this, the 2 -ΔΔCq method was used to calculate relative gene expression for the genes of interest.
In Experiment 2, relative gene expression in adult brain and spleen tissue was determined using targeted qPCR. RealMasterMix™ Fast SYBR Kit (Cat. No. 2200830, 5 PRIME) was prepared in a 10 μL reaction on a CFX96Touch™ real-time PCR machine. Primer sequences can be found in Supplementary Table 1 . The IL-6 primer was a QuantiTect® Primer Assay Rn_Il6_1_SG (Cat. No. QT00182896, Qiagen) obtained from Qiagen and diluted according to the protocol for real-time PCR. All additional primers were obtained through Integrated DNA Technologies and diluted to a working concentration of 13 μM. GAPDH was used as a housekeeping gene, as it did not differ significantly between treatment groups. Samples were blinded to treatment group and run on real-time PCR plates in duplicate. The average quantitative threshold amplification cycle number (C q ) was determined from the duplicates, and the 2 -ΔΔCq method was used to calculate relative gene expression.
In addition to brain and peripheral tissue RNA extraction, we extracted DNA from the tail samples of E17 pups to determine the sex of the pups using PureLink Genomic DNA Mini Kit (Cat. No. K182001, Invitrogen). We examined the qPCR expression of the male-specific gene (sex-determining region of the Y chromosome; SRY gene). Samples were run in duplicate and samples that had an average C q value of less than 25 were classified as males, and those with a C q value over 25 were classified as females.
Multiplex Analysis of Maternal Serum Samples
In Experiment 1.1, maternal serum was collected on E17, 24 h after the last dose of alcohol. The protein levels of IL-1β, IL-6, TNFα, IL-10, IP-10, CCL3 (MIP-1α), GRO-KC, and CCL2 (MCP-1) in undiluted maternal serum were analyzed from untreated dams, water-treated control dams and alcoholexposed dams (n = 5/group) using multiplex assay by an experimenter blind to treatment group (Milliplex® Rat analyte kit).
Statistical Analyses
Maternal behaviors, identified above, were analyzed using a two-tailed t-test to examine potential differences between water and alcohol treated dams. Multiplex data from maternal serum were analyzed using one-way ANOVA. In Experiment 1, elative gene expression data from E17 was analyzed using a 2 × 2 ANOVA with sex and fetal alcohol exposure as factors. For Experiment 2, relative gene expression values were analyzed using a 2x2x2 ANOVA with sex, prenatal alcohol treatment, and adulthood LPS treatment as the three factors. In Experiment 3, the NOR discrimination ratios were analyzed following convention (Akkerman et al. 2012 ) using onesample t-test to compare discrimination ratios of each group to a discrimination ratio indicating no discrimination (0.5). To compare across groups for the NOR task, the discrimination ratios were analyzed using a 2x2x2 ANOVA with sex, prenatal alcohol exposure, and adult immune challenge as factors. Tukey's post hoc test was used to further analyze significant main effects and interactions, in order to determine individual group differences. All graphs show the mean relative gene expression ± SEM for each treatment group.
Results
Experiment 1.1: Effect of Low Level Prenatal Alcohol Exposure on Inflammation in the Fetal Brain, Placenta, and Maternal Immune System Hippocampus-cortex tissue was collected from pups on E17 to analyze levels of pro-and anti-inflammatory molecules and microglial activation markers. Of the 84 genes originally examined, only 19 genes were significantly affected by prenatal alcohol exposure. We also found a main effect of sex in the expression pattern for a number of cytokines and chemokines in the fetal brain. All significant results are summarized in Table 1 . The genes that were not affected by prenatal alcohol exposure or sex are listed in Supplementary Table 2. We found a main effect of alcohol exposure on a very select group of cytokines, chemokines, and receptors including, CCL3, CCL6, CCL9, CCR2, CCR4 (the receptor for CCL3), CCR6, CXCL9, CXCL11, IL10ra, IL21, IL5, Lta, Osm, TNFα, and TNFrsf10. Post hoc tests revealed that only CCL6, CCR6, IL21, IL10ra, and TNFα were increased significantly in the hippocampus-cortex of both males and females following alcohol exposure relative to both control groups (p < 0.05). In contrast, there were significant interactions of sex and treatment for a number of immune molecules including CCL2, CCL5, CCL9, CXCL10, IL5, and RGD1561905 (also known as complement component 5). Post hoc tests revealed that expression of CCL2 and IL5 was significantly decreased in alcohol exposed males compared to both same-sex control groups (p < 0.05). In contrast, the expression of CCL2, CCL5, CCL9, CXCL10, and IL5 were significantly increased in alcohol exposed females relative to same-sex control groups (p < 0.05). The expression of CCL2 and IL5 were significantly attenuated in males following treatment with water alone (p < 0.05 relative to untreated controls). Similarly, post hoc comparisons also revealed a significant increase in CCL5 in water treated males (p < 0.05 relative to untreated controls). In spite of these Btreatment effects,^alco-hol consistently produced more robust changes in cytokine and chemokine expression than was measured in watertreated controls in both male and female fetuses. Thus low levels of fetal alcohol exposure during early brain development produced a unique inflammatory response within the fetal rat brain that is, for a number of genes, sex-specific.
We also analyzed the expression of a number of cytokines in the placenta. Of the genes that were analyzed, we found that IL-6 and TNFsf4 genes were significantly elevated in the placentae of males and females exposed to alcohol (IL-6 Main Effect of Treatment: F 2,41 = 9.12; p = 0.001; TNFsf4 Main Effect of Treatment: F 2,43 = 4.62; p = 0.016; Fig. 2a) . Interestingly, we found no effect of sex on these cytokines, indicating that the sex of the fetus does not impact the cytokine response in the placenta. We found no main effect of treatment (p = 0.768) or interaction of treatment and sex (p = 0.143) on the expression of IL-1β, or on the expression of TNFα in the placenta (Main Effect of Treatment: p = 0.751 and Interaction of Sex and Treatment: p = 0.125) (Fig. 2a) .
We also analyzed the levels of circulating cytokines in the serum of the dams treated with either alcohol or water. Serum was collected from the dams 24 h after the last alcohol dose. A number of cytokines were below detectable levels in maternal Table 1 Mean relative gene expression of cytokines and chemokines in the fetal brain on embryonic day 17, following 1 week of low level dose alcohol exposure. On E17, 24 h after the last dose of alcohol or water, hippocampus and cortex from each fetus was collected for quantitative real-time PCR analysis of cytokine and chemokine expression. Data shown represent mean relative gene expression ± SEM for each treatment group (listed in columns 2-7) and the results of the statistical analyses using 2-way ANOVA (listed in columns 8-13). Specifically, we found a main effect of prenatal alcohol exposure for CCL3, CCL6, CCL9, CCR2, CCR4 (the receptor for CCL3), CCR6, CXCL9, CXCL11, IL10ra, IL21, IL5, Lta, Osm, TNFα, and TNFrsf10, in that males and females had higher expression following alcohol exposure. There was also an interaction of sex and prenatal alcohol exposure such that males exposed to alcohol had significantly lower levels of CCL2, CCL5, CCL9, CXCL10, IL5, and RGD1561905. Additionally, the interaction of sex and alcohol exposure indicated that females exposed to alcohol had increased levels of CCL2, CCL5, CCL9, CXCL10, and IL5. *p < 0.05 relative to ungavaged and water treated controls (no interaction of sex). **p < 0.005 relative to ungavaged and/or water treated same-sex controls (significant interaction posthoc comparison).^p < 0.05 related to ungavaged same-sex controls ( serum, regardless of treatment, including IL-6 (< 73.2 pg/ml), GRO-KC (< 14.6 pg/ml), and IL-1β (< 2.4 pg/ml) (data not shown). IL-10, CCL3, and TNFα were all detected at very low levels, but were not significantly different across treatment groups (IL-10: F 2,20 = 0.83; p = 0.452; CCL3: F 2,20 = 0.06; p = 0.941; and TNFα: F 2,20 = 0.812; p = 0.87; Fig. 2b ). IP-10 and CCL2 were detected at higher levels, but these levels were also not different across treatment groups (IP-10: F 2,20 = 0.52; p = 0.603; CCL2: F 2,20 = 0.59; p = 0.564; Fig. 2b ). Given that prenatal alcohol exposure is associated neural cell death, we also analyzed the expression of two cell-death activators that regulate apoptosis, Cell death-inducing DFFAlike effector B (Cideb) 1 and Cideb2, on E17 revealed a significant main effect of treatment on the expression of Cideb1 (F 2,47 = 3.05; p = 0.05; Fig. 3 ). Post hoc tests revealed that prenatal alcohol exposure increased the expression of Cideb1 in the hippocampus/cortex of both males and females relative to the control groups (p < 0.05). We found no effects or interactions of treatment or sex on the expression of Cideb2 in the hippocampus/cortex on E17 (Fig. 3 ).
Experiment 2: Impact of Low Level Prenatal Alcohol Exposure on the Adult Immune Response to Lipopolysaccharide
In order to examine the long-term effects of alcohol exposure on the function of the immune system, offspring previously exposed to either water or alcohol during gestation were treated with a low dose of lipopolysaccharide (LPS) in adulthood to elicit a mild immune response.
In the hippocampus, we found a significant interaction of sex, prenatal alcohol exposure, and adult LPS treatment on IL-1β expression in the hippocampus (F 1,51 = 4.569; p = 0.037, Fig. 4a ). Specifically, alcohol exposed males had exaggerated IL-1β expression in the hippocampus following LPS treatment (p < 0.05 relative to all other groups). We also found a significant interaction of prenatal alcohol exposure and LPS immune challenge on the expression of IL-6 in the hippocampus (F 1,50 = 6.081; p = 0.017; Fig. 4b ). Rats exposed to alcohol prenatally had significantly higher levels of IL-6 in the hippocampus compared to controls (p < 0.05); though this effect seems to largely be the result of exaggerated IL-6 specifically in alcohol-exposed males treated with LPS as adults. We found no significant main effects or interactions of sex, prenatal alcohol exposure, or LPS on the expression of CD11b, a marker of microglial activation, in the adult hippocampus (Fig. 4c) .
In the medial prefrontal cortex, we found a significant main effect of prenatal alcohol exposure and LPS immune challenge on the expression of IL-1β in the prefrontal cortex (F 1,55 = 5.727; p = 0.020; F 1,55 = 53.604; p < 0.001 respectively; Fig. 4d ), indicating that the two factors are additive. IL- 6 was significantly elevated in the prefrontal cortex by LPS (F 1,54 = 37.27; p < 0.001; Fig. 4e ), but was not affected by sex or prenatal alcohol exposure. We found a significant main effect of prenatal alcohol exposure on CD11b expression in the adult PFC (F 1,56 = 8.130; p = 0.006; Fig. 4f ). Specifically, CD11b was increased in both male and female rats that were exposed to alcohol prenatally relative to water-treated controls (p < 0.05), suggesting a long-term change in microglia in the mPFC caused by prenatal alcohol exposure.
Finally, we analyzed the expression of cytokines in spleen samples collected from these rats in order to determine the effects of prenatal alcohol exposure and subsequent activation on peripheral immune function and thus whether the effects that we saw in the hippocampus and mPFC were specific to the brain. Similar to the effects in the brain, analysis of IL-1β mRNA expression in the spleen revealed an interaction of prenatal alcohol exposure and adulthood LPS challenge (F 1,56 = 8.084; p = 0.006; Fig. 5a ). While LPS treatment Fig. 2 Effect of low dose prenatal alcohol exposure on placenta gene expression and circulating cytokines in maternal serum. On E17, 24 h after the last dose of alcohol or water, placental tissue and maternal serum was collected for analysis. a Placenta tissue was analyzed for proinflammatory cytokines using real-time PCR (n = 8/group). Pups exposed to alcohol during gestation had significantly increased levels of IL-6 and TNFsf4 in their placentae (* Main effect of treatment; p < 0.05). There were no main effects or interactions of treatment and sex for IL-1β and TNFα expression in the placenta. b Serum samples from dams collected at E17 were analyzed for circulating inflammatory cytokines (n = 5/ group). Low, but detectable levels of IL-10, CCL3, and TNFα did not differ significantly across treatment groups. Cytokines IP-10 and CCL2 were detected at higher levels, however there was no effect of treatment across groups Fig. 3 Impact of low dose fetal alcohol exposure on the expression of the cell-death markers Cideb1 and 2 in the hippocampus/cortex on E17. Following 1 week of alcohol exposure, the hippocampus / cortex were collected from fetuses at E17, 24 h after the last dose of alcohol or water (n = 8/group). There was a significant main effect of treatment on Cideb1 expression and post hoc tests revealed that alcohol exposure specifically increased Cideb1 levels of cDNA in both males and females compared to both control groups (*p < 0.05). There were no significant effects of treatment or sex on Cideb2 in the hippocampus / cortex at this age significantly increased IL-1β in the spleen, levels of IL-1β were increased significantly more in male and female rats that had previously been exposed to prenatal alcohol (p < 0.05 compared to all other groups). We found a main effect of LPS treatment on IL-6 in the spleen (IL-6: F 1,56 = 34.77; p < 0.001; Fig. 5b ), but no interactions with either sex or prenatal alcohol exposure. Analysis of TNFα revealed an interaction of sex and LPS treatment (F 1,56 = 4.107, p = 0.047; Fig. 5c ), in that LPS increased TNFα expression at this particular time point significantly more in males than in females. Fig. 4 Long-term consequences of fetal alcohol exposure on adult neuroimmune function in the hippocampus and cortex. Rats exposed to alcohol or water during gestation were exposed to a second immune challenge, 25 μg/kg lipopolysaccharide (LPS), at postnatal day (P) 90. Tissue was collected 4 h after LPS administration to investigate relative gene expression of inflammatory molecules in the hippocampus and prefrontal cortex (n = 8/group). a-c In the hippocampus, there was a significant interaction between sex, prenatal alcohol exposure, and adult LPS treatment on levels of IL-1β, specifically males exposed to alcohol and LPS had increased expression of IL-1β (**p < 0.01 compared to all other groups, *p < 0.05 compared to saline-treated controls). There was an interaction of prenatal alcohol exposure and adult LPS treatment on levels of IL-6 such that alcohol and LPS-exposed rats had increased expression of IL-6 (**p < 0.01 compared to all other groups, *p < 0.05 compared to saline-treated controls). There were no main effects or interactions on levels of CD11b. d-F. In the mPFC, there were main effects of prenatal alcohol exposure and LPS exposure on levels of IL-1β (**p < 0.01 compared to all other groups, *p < 0.05 compared to saline-treated controls). Levels of IL-6 were significantly increased by LPS treatment (*p < 0.05). There was also a main effect of prenatal treatment on the expression of CD11b in the mPFC in that males and females exposed to alcohol during gestation had higher levels of CD11b expression (*p < 0.05 compared to water-treated controls) Fig. 5 Long-term consequences of fetal alcohol exposure on adult immune function in the spleen. Rats exposed to alcohol or water during gestation were exposed to a second immune challenge, 25 μg/kg lipopolysaccharide (LPS), at postnatal day (P) 90. Four hours after LPS treatment, spleen tissue was collected to investigate relative gene expression of inflammatory molecules (n = 8/group). a There was an interaction of prenatal alcohol exposure and LPS treatment on levels of IL-1β; specifically, males and females exposed to alcohol and LPS had increased expression levels of IL-1β (**p < 0.01 compared to all other treatment groups; *p < 0.05 compared to saline-treated controls). b Levels of expression of IL-6 were impacted by a main effect of LPS treatment (*p < 0.001). C. There was also an interaction between sex and LPS treatment on the expression of TNFα, in that males exposed to LPS had higher levels of TNFα in the spleen (**p < 0.05 compared to all other groups, *p < 0.05 compared to saline-treated controls)
Experiment 3: Impact of Low Level Prenatal Alcohol Exposure and Mild Adult Immune Activation on Recognition Memory
To assess the effects of low level prenatal alcohol exposure and mild immune dysregulation on a simple memory task, we assessed recognition memory using the Novel Object Recognition (NOR) task. Briefly, all rats were allowed to explore two identical objects in an arena for 5 min before being administered either LPS (25 μg/kg) or saline. Twenty four hours later, the rats were returned to the arena and allowed to freely explore the familiar object or a new object to test recognition memory.
We found no main effect of sex on the NOR task described above (F 1,79 = 0.08; p = 0.778; Fig. 6 ). We found a significant main effect of fetal alcohol exposure (F 1,79 = 4.42; p = 0.039) and a main effect of immune activation (F 1,79 = 5.07; p = 0.027), which was further confirmed by analysis of the discrimination ratio of each group to chance (no discrimination). Specifically, males and females exposed to low alcohol levels prenatally and then challenged as adults with a mild dose of LPS showed no discrimination of the two objects. These data indicate that even low levels of immune activation can produce cognitive deficits in offspring previously exposed to low levels of fetal alcohol.
Discussion
This study sought to determine the immediate and long-term consequences of low level prenatal alcohol exposure on the fetal neuroimmune system, while also considering the effects of low level alcohol exposure on the maternal immune system and placenta. Despite recent findings that low doses of alcohol consumption during pregnancy produce no harmful cognitive effects in children (Falgreen Eriksen et al. 2012; Kelly et al. 2012; Skogerbo et al. 2012) , it had never been previously examined whether low levels of fetal alcohol exposure affect neuroimmune function, and whether changes in neuroimmune function would significantly affect cognitive function in offspring. To that end, we administered alcohol to pregnant dams from E10-E16, a time during which microglia first colonize the fetal rat brain (Chan et al. 2007; Cuadros and Navascues 1998) . We administered alcohol at a low dose, sufficient to raise blood alcohol concentrations to approximately 70 mg/ dL, or 70 mg% for about 8 h, consistent with other reports (Bielawski and Abel 2002; Livy et al. 2003) . We felt this dose and treatment paradigm were physiologically relevant as they may reflect the BAC that may be produced from a pregnant woman drinking early in gestation and having just one or two drinks in a sitting, though exact human BAC correlates are dependent on an individual (Centers for Disease Control and Prevention 2015).
Our findings reveal important changes in the fetal neuroimmune system caused by low levels of alcohol exposure during early gestation. Specifically, alcohol significantly altered the expression of many pro and anti-inflammatory cytokines and chemokines in the fetal brain. These data indicate that that the fetal brain responds to low levels of fetal alcohol exposure with a change in the expression of well-known inflammatory molecules. We initially hypothesized that low level alcohol exposure would result in the activation of microglia, based on previous research demonstrating that alcohol is an effective activator of microglia in the neonatal rodent brain (Drew et al. 2015; Kane et al. 2011 Kane et al. , 2013 . Unique to this study, however, we also predicted that low level alcohol exposure would result in peripheral cytokine production in the mother and cytokine production in the placenta that may in turn influence the developing fetus. The importance of the placental barrier between mother and baby is well-known and dysfunction of the placenta, for a number of reasons, has been associated with poor health and neurodevelopmental outcomes in children (Baker and Sibley 2006 ). We found that low level prenatal alcohol exposure increased the expression of IL-6 and TNFSF4 in the placenta. Interestingly, though, the effects of alcohol on inflammatory gene expression in the placenta and the fetal brain were independent of the maternal immune system, as alcohol-exposed dams had low or unaffected levels of cytokines and chemokines circulating in their serum. To date, very few studies have fully examined the impact of fetal alcohol exposure on inflammation in both the maternal and fetal compartments in rodents. Our results suggest that alcohol induces inflammatory gene expression de novo in both the fetal brain and the placenta and that these Fig. 6 Impact of fetal alcohol exposure and immune activation on adult recognition memory. Rats exposed to either alcohol or water during gestation were raised to P60 at which point they were tested using a Novel Object Recognition paradigm (n = 10/group). Rats were habituated to the chamber for 10 min on Day 1 and Day 2. On Day 3, animals were placed into a chamber with 2 identical objects and allowed to explore for 5 min. Immediately after the exploration/sample phase, the rats were treated with either LPS (25 μg/kg) or saline. 24 h later, on Day 4, the same rats were placed in a chamber with one of the previous objects and one novel object. The mean discrimination ratio (± SEM) of time spent exploring the novel object is shown. *p < 0.05 relative to chance (no discrimination). We found an interaction of prenatal alcohol exposure and LPS treatment in that males and females exposed to alcohol and LPS showed significantly decreased exploration of the novel object effects are not the secondary result of maternal immune activation. Our results also reveal that the placenta and the fetal brain may be more sensitive to or more responsive to low levels of alcohol exposure than the peripheral immune system of the mother.
We also found that female pups exposed to alcohol during gestation had significantly higher levels of inflammatory gene expression in the brain compared to their male counterparts. In contrast, control males often had higher expression levels of the same gene than control females. Notably, these sex differences in inflammatory gene expression within the fetal brain were observed on E17, prior to the secretion of sex-specific hormones, which occurs just before birth in rodents (Corbier et al. 1992; Weisz and Ward 1980) . Males and females have very different immune profiles across neurodevelopment , demonstrating that sex can influence neural development and function, even at the earliest stages of development, via the production of immune molecules. One interpretation of our data presented here is that females may be more vulnerable to the effects of low level fetal alcohol exposure, resulting in exaggerated cytokine expression in the female brain; however, an alternate interpretation of the data is that females have a robust and appropriate neuroimmune response to the alcohol exposure but that males do not. Given our findings in the adult offspring, discussed below, one might also conclude that males and females both respond with an appropriate, yet distinct, immune response to low levels of prenatal alcohol exposure, which results in similar and significant consequences for immune and cognitive function later in life.
An important implication of this prenatal immune activation is its relevance to what is known as the Btwo-hit hypothesis.^This hypothesis states that immune cells, like microglia, may be primed by events that activate the immune system during early development such that when a subsequent immune challenge occurs, the re-activation of these cells is exaggerated (Bilbo and Schwarz 2009) . A number of studies now suggest that the Btwo-hit hypothesis^and immune activation may play a crucial role in the etiology of neurological and cognitive disorders, including Alzheimer's disease and schizophrenia among others (Feigenson et al. 2014; Zhu et al. 2007 ). We hypothesized that exposure to alcohol during gestation may similarly prime fetal microglia and alter their response to subsequent immune challenges, thereby resulting in cognitive deficits later in life. We tested the Btwo-hit hypothesis^in our model by administering a very low dose of LPS to adult offspring that had been exposed to either alcohol or water during gestation. Our findings from this experiment support this hypothesis and indicate that the rats exposed to both low levels of alcohol prenatally and LPS in adulthood had exaggerated expression of pro-inflammatory cytokines (specifically IL-1β and IL-6) in the brain as well as in the periphery (IL-1β in the spleen). In particular, males exposed to prenatal alcohol then challenged with LPS as adults had higher levels of IL-1β expression than their female counterparts, suggesting an interaction of the fetal alcohol exposure and sex on the expression of this particular cytokine. Notably, the effect of fetal alcohol exposure on IL-1β expression in the male offspring was seen across brain regions and in the periphery, specifically the spleen, suggesting that the Bpriming^effect of fetal alcohol exposure was not limited to microglial cells alone. This is quite fascinating given that the spleen does not develop until after E17 in rodents (Losco 1992) , and suggests that somehow fetal alcohol exposure alters the development of primordial cells or structures that will ultimately determine this important immune organ and its associated function.
The hippocampus and cortex are critical for cognition, memory, and decision making, but are also particularly vulnerable to immune challenges that result in elevated cytokine levels (Guan and Fang 2006) . While cytokines are best known for the role they have in producing classic Bsickness behaviors^ (Kent et al. 1992) , the role of these molecules have also been studied in the context of a number of cognitive and psychiatric disorders Skaper et al. 2014; Streit et al. 2014) . Similarly, alcohol exposure is also linked to neurodegeneration and cognitive dysfunction resulting from microglial activation and its associated neuroinflammation (Crews and Nixon 2009; Yang et al. 2014 ). To determine whether low level fetal alcohol exposure increases the likelihood of cognitive dysfunction caused by subsequent immune activation, we tested object recognition memory in our model of prenatal alcohol exposure. We found that both male and female rats exposed to prenatal alcohol had significant deficits in recognition memory, but only in the presence of immune activation. This same immune challenge had no effect on control offspring. These findings, in addition to others (Goodfellow and Lindquist 2014; Jablonski and Stanton 2014; Murawski et al. 2012) , indicate that alcohol consumption during pregnancy has significant consequences for cognitive outcomes in the offspring. Notably, our findings further highlight that even low levels of fetal alcohol exposure can negatively impact cognitive function in the offspring, particularly in combination with other events that may activate the immune system. Thus, any amount of alcohol exposure during prenatal development has the potential to increase the risk of any number of cognitive or psychiatric disorders associated with altered cytokine expression in adulthood.
Our research highlights the importance of considering the immune system as a target of fetal alcohol exposure, with significant consequences for long-term immune and cognitive function. In particular, we have demonstrated that even though low levels of alcohol consumption during pregnancy did not result in detectable levels of maternal immune activation, this same level of alcohol exposure did have significant immunological consequences for the fetus and placenta. Similarly, cognitive deficits can be precipitated by exaggerated cytokine production in adult offspring that had been exposed prenatally to low levels of alcohol exposure. While further research should be conducted to better understand the relationship between immune activation and cognitive or neural dysfunction, our results suggest that even low levels of alcohol exposure during early embryonic development can have both immediate and long-term consequences on the neuroimmune system of the offspring. Importantly while these equivalent levels of alcohol consumption during pregnancy are not likely to cause explicit fetal alcohol syndrome, our data highlight that there is still significant cause for concern, as consuming any amount of alcohol at any point during gestation, even early gestation, may affect a number of future health and cognitive outcomes associated with immune activation and inflammation in the offspring.
